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Abstract 
The diffusion of zinc was studied in the Callovo-Oxfordian claystone, which is a potential host rock for the 
retrievable disposal of high-level radioactive wastes. Two in-diffusion laboratory experiments were performed with 
initial zinc concentrations of 4 10-5 mol L-1 and 8 10-6 mol L-1 (resp.) for 35 days. The zinc rock profile was acquired 
using an original technique, the µLIBS, with a high resolution (10 µm), calibrated with the abrasive peeling method. 
The experimental data, i.e. Zn concentration monitoring in the source reservoir and Zn rock profile, were successfully 
reproduced using a chemical-transport code. In that code, the sorption of Zn was described by a multisite ion-
exchange model, with only the effective diffusion coefficient value being adjusted (De = 8 10-11 m² s-1). This De value, 
2 times higher than that of tritiated water, indicates that zinc, like most cations, is also subject to enhanced diffusion 
in clayrocks. 
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1. Introduction 
It is now well established that the transport properties of clayrocks, i.e. parameter values for Fick’s 
law, are governed mainly by the fact that these rocks contain a high proportion of negatively charged clay 
minerals [1]. While a good understanding of the diffusive behavior of non-reactive anionic and neutral 
species is now achieved, much effort has to be placed on improving understanding of coupled sorption–
diffusion phenomena for sorbing cations in clayrocks, since several cations known to form highly stable 
surface complexes with sites on mineral surfaces, migrated more deeply into clayrock than expected [1].  
This paper aimed at investigating the diffusion of a divalent sorbing cation, the zinc, in the Callovo-
Oxfordian claystones. Given its high affinity for clayrocks that limits its penetration depth, an innovative 
 
* Corresponding author. Tel.: +33 1 69 08 77 51; fax: +33 1 69 08 32 42. 
E-mail address: sebastien.savoye@cea.fr 
Available online at www.sciencedirect.com
 013 The Authors. Published by Elsevier B.V.
lection and/or peer-review under responsibility of the Organizing and Scientifi  Committee of WRI 14 – 2013
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
775 S. Savoye et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  774 – 777 
approach was developed for acquiring the zinc rock profile with a relatively high resolution (10 µm). 
Lastly, the analysis of the results was carried out using a chemical-transport code where the sorption of 
zinc was described by a multisite ion-exchange model [2]. 
2. Materials and Methods 
2.1. Sample origin and sample preparation 
The rock core was collected from the borehole OHZ1705, argon-drilled downwards in the 
Meuse/Haute-Marne Underground Laboratory, located in the eastern portion of the Paris basin. The 
sedimentary host formation (152-160 Ma) is a ~130-m-thick clay-rich Callovo-Oxfordian formation. The 
level from which the core originates (EST40471) corresponds to silty and calcareous claystones, 
containing 35-65% of clay minerals (with 27-38% of mixed layer illite/smectite), 15-28% of carbonates, 
21-31% of quartz, and accessory minerals [2]. Just after the drilling, the core was inserted into two air-
tight aluminum foils filled with nitrogen until their opening into a N2 glove box (O2 < 5 ppmv) in the 
laboratory. Afterwards, two samples were sliced from the core under anoxic conditions, using a diamond 
wire saw (no lubricating fluid was used) into 1-cm-thick piece, then placed on a lathe to obtain 18.75-
mm-diameter disks.  
2.2. Experimental set-up, synthetic solution and in-diffusion experiments 
The two diffusion cells were made of polyetheretherketone (Peek) to limit the sorption onto the 
material. Each part of the diffusion cell was previously cleaned successively with HNO3, water, and 
ethanol and dried. All the preparations of the diffusion cells were made in a N2 glove box (O2 < 5 ppmv). 
The chemical composition of the synthetic solution was based on that measured in-situ. The total 
concentrations for calcium, magnesium, potassium, and sodium were 6.44, 4.48, 1.04, and 51.9 mmol L−1, 
respectively. The anion concentrations for chloride, sulphate, and the carbonate species were 41.0, 15.6, 
and 2.57 mmol L−1, respectively.  
The rock disks in the diffusion cells were equilibrated over at least 6 weeks, with the synthetic 
solutions. After the equilibration stage, an in-diffusion stage lasting 35 days was performed by 
introducing the two cells in two distinct bottles filled with 100 mL of synthetic solution in which Zn(II) 
was added at concentrations of 4 10-5 mol L-1 and 8 10-6 mol L-1 (resp). A blank test was performed by 
filling a bottle with a diffusion cell without clayrock and a synthetic solution ([Zn(II)]ini = 3 10-6 mol L-1). 
The zinc concentration monitoring of this solution indicated the absence of any zinc uptake by the system. 
Regular samplings were carried out for monitoring the tracer concentration evolution (i.e. 0.1 mL). The 
concentrations of Zn(II) were analysed by ICP-MS (Varian inc, Australia) with an accuracy of about 5%. 
2.3. Solid analyses  
The solid analyses were carried out using two techniques, a Laser Induced Breakdown spectroscopy 
microprobe (µLIBS) and an abrasive peeling method (see [2] for details) for calibrating the Zn signals 
acquired from µLIBS.  
The µLIBS enables the acquisition of both Zn and mineral spatial distributions by providing chemical 
element maps based on the analysis of the optical emission from the plasma created by a focused laser 
beam (see [3] for details). The spatial distribution of elements can be obtained by scanning the laser beam 
over the surface area, and with a calibration, the concentration of the elements can be determined. Within 
clay-rich material such as claystones, the spatial resolution is limited to 10 µm.  
776   S. Savoye et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  774 – 777 
2.4. Treatment of the experimental results  
Due to the variation of the extent of zinc sorption with concentration and its partial complexation with 
sulphate in solution, a numerical approach was preferred to an analytical one, by using a coupled 
chemistry-transport code, PHREEQC. A planar diffusion is considered, expressed by Fick’s second law 
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where C is the concentration of zinc (mol m−3), θacc is the volumetric water content accessible to zinc, 
ρd is the bulk dry density of the diffusion sample (kg m−3), S is the amount of tracer adsorbed on the solid 
phase (mol kg−1) and De is the effective diffusion coefficient (m2 s−1). 
The sorption of Zn2+ was described by a multisite ion exchange model (see [2][4] for details). In this 
study, it was assumed that clay minerals (i.e. illite and smectite) were the main cation exchangers of the 
investigated Callovo-Oxfordian clayey rock samples.  
3. Results and Discussion 
Figure 1A shows the Zn mapping acquired from µLIBS on the sample having undergone the diffusion 
experiment with [Zn(II)]ini equal to 4 10-5 mol L-1. Note the occurrence of Zn hot spots inside the sample, 
related to Zn-bearing minerals. The corresponding profiles exhibit a well-known diffusion shape on the 
two sample sides, which are consistent with the data obtained from the abrasive peeling method (Fig. 1B). 
The natural background content of zinc in the Callovo-Oxfordian rock is close to 0.5 µmol g-1 of rock.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (A) Zinc mapping from µLIBS and (B) comparison of the Zn profile obtained by µLIBS (blue and purple 
curves) and by abrasive-peeling (red curve). 
     In order to test the sensitivity of the µLIBS technique, the sample having underwent in-diffusion of Zn 
with the lowest concentration, i.e. 8 10-6 mol L-1, was also investigated by µLIBS. A global pattern 
looking like a diffusion profile slightly emerges from the noisy natural background (not shown). 
However, in this case, the data were assumed not to be significant enough for a full interpretation. The 
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modeling of the data from the cell with the highest Zn initial concentration (Fig. 2) was achieved using 
the chemistry-transport code with a value of De equal to 8 10-11 m² s-1 (the only fitted parameter). Note 
that, in this case, the proportion of Zn complexes in solution, such as ZnSO4 aq, is not negligible (Fig. 2A), 
and thus, directly impacts the extent of the Zn sorption.  
The estimated value of the effective diffusion coefficient is about two times higher than that of the 
water tracer (HTO) determined on the same level [2], demonstrating that, like the alkali and alkaline-earth 
cations, zinc is also subject to an enhanced diffusion in clayrocks. 
.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Comparison of the Zn experimental data from the cell with [Zn(II)]ini=4 10-5 mol L-1 with modeling in (A) the 
reservoir and (B) the rock profile. 
Lastly, the agreement of the model with the experimental data confirmed the robustness of the 
multisite ion exchange model, capable of reproducing experimental sorption data obtained from transport 
experiments, without adjusting any sorption parameters [2]. In this sense, further zinc diffusion 
experiments are still in progress under other experimental conditions (with solutions with higher ionic 
strength, lower partial pressure of CO2) for ensuring more confidence in this model.   
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